Glioma/GBM-Initiating cells
The true cellular origin of gliomas, including GBM, is still a debatable question. It is generally accepted that identifying such tumor-initiating cells may allow a better understanding of tumor biology, and ultimately help in designing improved therapies for GBM. All human tumors arise from a series of molecular alterations that occur in a small number, or even single, founder cells. These tumor cells present a clonal nature due to the sequential accumulation of multiple rare genetic and epigenetic events. The critical importance of the tumor microenvironment in influencing tumor cells behavior and evolution has been recently recognized [7] . Indeed, the tumor microenvironment has been associated with the generation and maintenance of tumor heterogeneity; thus, understanding not only the surrounding microenvironment but also tumor heterogeneity, as well as their relationships, may be crucial in understanding the biology of these tumors. In the case of the brain tissue, a highly complex microenvironment with extreme phenotypic and functional diversity, the multiplicity of putative brain tumor cells of origin, and the variety of niches in which the malignant cells may evolve, is even more challenging. Thus, understanding this complexity is crucial to provide firm evidence for the cellular origin of gliomas [8] [9] [10] . Two different hypotheses for the origin of glioma cells, or tumor cells in general, have been proposed (Figure 1 ), as detailed below.
One classical hypothesis postulates that cancer cells arise from the accumulation of alterations that occur in differentiated mature cells (glial cells in the case of glioma tumors, including GBM), which would result in a dedifferentiation of these cells along the carcinogenic process. This concept is supported, for instance, by the histological similarities between functional and differentiated glial cells and tumor cells from gliomas. In addition, before the experimental identification of the adult neural stem cells (NSCs), glial cells were the only known replicationcompetent population of cells in the adult brain, which further supported the idea that highlyproliferative glioma cells could derive from accumulated alterations in differentiated and proliferative glial cells. A landmark study supporting this theory showed that differentiated cells could be transformed into a pluripotent embryonic stem cell phenotype by using a cocktail of transcription factors [11] . However, this hypothesis has never been adequately tested, as there have been experimental limitations that preclude its validation, including: (i) the absence of good mature "astrocyte" markers in in vivo experiments [12] , as it is now well known that the commonly used astrocyte marker GFAP is also expressed by adult NSCs; (ii) in vitro, the culture of mature astrocytes is particularly difficult; (iii) culturing astrocytes from neonatal mouse cortex has been described to contain also immature progenitor cells [13] .
The second and most recent hypothesis assumes that cancer cells arise from the accumulation of alterations that occur directly in stem cells, or progenitor (multipotent) undifferentiated cells, that are present in different tissues throughout the entire lifetime (neural stem cells or glial progenitor cells in the case of brain gliomas). According to this rationale, the tumorigenic process would not be accompanied by a dedifferentiation mechanism, as the molecular alterations would accumulate directly in undifferentiated cells [7] [8] [9] 14] . In support of this hypothesis is the concept of cancer stem cells (CSCs), which is a subpopulation of cells in the tumor that displays self-renewal capacity, and which can give rise to heterogeneous cancer cells that constitute the tumor. However, it should be noted that the concepts of CSCs and tumor-initiating cells have been frequently confused. The term ''tumor-initiating cells'' refers to the cells of origin of the tumor, whose alterations support tumor establishment and progression; in contrast, CSCs would more accurately be referred to as tumor-propagating cells, with stem cell-like properties, which are not necessarily the cells of origin [8, 14, 15] . A study by Chen and colleagues (2010) may help to distinguish these different cell populations and their role on tumor development, particularly in GBM [16] . They demonstrated a hierarchical organization of brain tumor-initiating cells by identifying subpopulations of clonal and long-term proliferating cells in GBM specimens. These subpopulations were shown to be hierarchically organized and to give rise to tumors with different molecular and histopathological features [16] . There are specific and very well delimited regions in the brain where neural stem cells and progenitor cells exist, particularly the subventricular zone (SVZ) of the fore brain lateral ventricles, and the subgranular zone (SGZ) in the dentate gyrus of the hippocampus [8] [9] [10] . It has been hypothesized that these are favorable regions where the process of gliomagenesis may originate, as these regions present an attractive microenvironment that has been described as propitious for the growth of stem cells, namely in the SVZ [8] [9] [10] . There is increasing experimental evidence that the SVZ is one of the most important regions of origin for malignant gliomas [10] as it may present ideal conditions for gliomagenesis, like the exposure to a transcription factor cocktail ideal for their growth. When compared to any other brain regions, stem cell-containing compartments have been shown to be more susceptible to tumor transformation [10] , which additionally may argue in favor of this hypothesis of tumors arising from changes in stem/progenitor cells. Additionally, while it may be coincidence, there is a great similarity between the SVZ stem/progenitor cells and glioma cells. For instance, malignant astrocytic tumors in the brain typically appear close to the lateral ventricles [9, 10] .
In the recent years, the notable therapy resistance of gliomas, namely GBM, has been associated with the presence of glioma stem cells (GSCs). These cells present characteristics of stem cells, including: (i) self-renewal; (ii) multipotency, i.e., the capacity to differentiate into other cell lineages; and (iii) high replicative potential. GSCs are predicted to be difficult to target by anticancer therapeutics because they have a slow cell cycle, present high levels of proteins involved in drug efflux, and do not express or are dependent on particular oncoproteins for which targeted therapies are currently available [17] . GSCs were one of the first types of cancer stem cells isolated from solid tumors [18] . It was shown that as few as 100 GSCs could give rise to tumors that recapitulated the parental tumor when implanted in xenografted immunodeficient mice, whereas as many as 1,000,000 non-GSCs could not [18] . This suggests that neoplastic clones are maintained exclusively by a little fraction of cells with stem cell properties [18] . Of note, studies involving the use of GSCs face many difficulties, particularly in isolating such cells directly from biopsies, partly because of the high cellular heterogeneity composition of the specimen. On the other hand, currently there are no standardized methods available for cell sorting and assessment of "stemness" [8] . Indeed, there is a relevant discussion regarding the best methodology for culturing GSCs isolated from human GBM specimens. It has been argued by several authors that adherent monolayer cultures of glioma cells allow a more homogeneous exposure to the culture conditions (e.g., nutrients and oxygen levels) than nonadherent cultures, thus increasing the homogeneity of the cell population, reviewed in [8] . In contrast, the sphere-forming assay has been widely used for this purpose. The fidelity and benefits of these assays are still under debate. Thus, there is an exigency to standardize methods for identifying and isolating GSCs with unequivocal markers. It is believed that the use of NSCs markers is a good principle for identifying GSCs, as NSCs are now known to exist in very restricted areas of the brain, and can be unambiguously identified with specific markers [8] . Indeed, in the last decade, putative markers of GSCs have been identified, including Nestin, CD133, L1CAM, CD15, CD44, Id1, and integrin-α6 [8, 10, 14, [19] [20] [21] . Nonetheless, none of these markers is sufficient to, independently, identify specifically GSCs, implicating that a functional identification of GSCs (including their ability to (i) be tumorigenic in in vivo models, (ii) form neurospheres in culture; (iii) be multipotent) is still mandatory. many key pathways involved in the regulation of typical cancer hallmarks, such as alterations in cell cycle, migration, proliferation, survival, angiogenesis, invasion and apoptosis [22] . While several alterations in signaling pathways occur in GBM, such as Wnt, Notch and Shh pathways (particularly relevant due to their associations with cancer stem-cells and resistance to radiochemotherapy) [23, 24] , the most frequent aberrations in GBM occur in three critical signaling pathways: (i) retinoblastoma (RB), (ii) p53, and (iii) RTK/RAS/PI3K pathways [22, 25, 26] , as detailed in Figure 2 and below.
Retinoblastoma (RB) pathway
Mutations in genes implicated in cell cycle regulation that allow cells to proliferate uncontrollably have been frequently identified in GBM, as in other human tumors [26] [27] [28] . The RB pathway, which is important in the G1/S transition, is aberrantly inactivated in GBM through the alteration of several genes and proteins [28] .
In a normal condition, the RB protein (encoded by RB1 gene, the first tumor suppressor gene described), a negative regulator of the cell cycle, is recruited to specific promoters through its interactions with E2F transcription factors. RB inhibits the transcription of genes by directly suppressing the transactivating function of E2F, and by recruiting factors that mediate transcriptional repression [27, 28] . E2F regulates the promoters' activity of several genes related to (i) cell cycle, such as Cyclin E (CCNE) and A (CCNA), (ii) DNA replication, such as minichromosome maintenance complex component 7 (MCM7) and cell division cycle 6 (CDC6), (iii) nucleotide byosynthesis, such as ribonucleotide reductase (RRM), (iv) mitotic progression, such as Cyclin B1 (CCNB1) and cyclin-dependent kinase 1 (CDK1), and (v) apoptosis activation, such as apoptotic peptidase activating factor 1 (APAF-1) and caspases, such as caspase 3 (CASP3) [27, 28] . The interaction between RB and E2F can be disrupted due to the phosphorylation of the RB protein by Cdk4/6 kinases [27, 28] . To be active, these kinases are dependent of Cyclin proteins, namely CCND2 that competes for the binding site with Ink4 proteins [27] . Thus, the function of Ink4 is to prevent the formation of the active kinase complex (CCND2/Cdk4/6) [27] . This process is ultimately regulated by external signals, such as growth factors, which induce the cell to progress to the S phase [27] .
In GBM, the RB1 gene is frequently mutated [26] . However, the loss of function of RB is also reported to be a consequence of the amplification of CDK4 and CDK6, as well as by the inactivation of the INK4A/B (isoforms of CDKN2A/B) and INK4C (encoded by CDKN2C), which are inhibitors of Cdk4/6 [26] . Ultimately, these alterations lead to E2F accumulation and the consequent progression to S phase mediated by E2F-target genes [26, 27] .
p53 Pathway
The TP53 gene encodes a protein (p53) that also controls the cell cycle by regulating target genes involved in cell cycle arrest, apoptosis and senescence [27] . Moreover, p53 has been named as the "guardian of the genome" because it leads to the arrest of cells with DNA damage in G1 phase, in order to promote DNA repair processes [29] . On the other hand, if irreparable genetic injuries occur, p53 induces cell death by activating the apoptotic machinery [29] . In normal unstressed cycling cells, some proteins, such as the ubiquitin ligase Mdm2, bind to p53 to promote its degradation via the ubiquitin/proteasome pathway [29] [30] [31] . The p53-mediated upregulation of MDM2 gene leads to a negative feedback that will maintain the levels of p53 very low in these cells [30, 31] . In this context, p53 loss of function may lead, for example, to uncontrolled growth and increased genetic instability. Its loss of function may be due to several reasons, including: (i) inactivating mutation [26] , (ii) amplification of MDM2 and MDM4 [26, 31] , and (iii) loss of function of ARF product encoded by CDKN2A, which interacts with and sequesters Mdm2 [26, 31, 32] . Unlike Mdm2, which degrades p53, Mdm4 inhibits p53 by binding to its transcriptional activation domain [31] . Moreover, Mdm4 also inhibits the degradation of Mdm2 [31] . The aberrant deregulation of these pathways in GBM leads to alterations in cell cycle, migration, proliferation, angiogenesis, and apoptosis. Known proto-oncogenes or growth-promoting genes (shown in green), such as EGFR, PIK3CA (p110α) and AKT, are activated by mutations, overexpression and amplification, while tumor suppressor genes (show in red), such as PTEN, Arf and p53, are lost or inactivated by mutations, deletions, loss of heterozigosity, and epigenetic changes.
Receptor Tyrosine Kinase (RTK) pathways
GBM cells also commonly present a constitutive activation of cell growth signaling pathways by the overexpression of several mitogens and their specific membrane receptors [22, 24, 26, 33] . Glioma cells can also acquire mutations in the membrane receptors becoming independent of exogenous growth stimulation, increasing survival and motility [22, 24, 26, 33, 34] . In GBM, the deregulation of growth factor signaling occurs frequently by the amplification and/or activating mutations of RTKs [22, 26] . These play critical roles in several cellular processes, including cell growth, motility, survival and proliferation, and are tightly controlled by various physiological mechanisms (e.g., autocrine loops in which RTK ligands are produced in result of receptor activation) [26] . One of the most described RTK alteration in GBM is the deletion of exons 2-7 of epidermal growth factor receptor (EGFR) gene that results in the loss of the extracellular domain (EGFR-vIII mutant) [26] . Notwithstanding, other genetic alterations affecting EGFR, such as amplifications, activating point mutations that affect the extracellular domain, and other deletions in the region coding for the cytoplasmic domain, have also been described [26] . Moreover, alterations of other RTKs also occurs frequently in GBM, including: (i) overexpression of platelet-derived growth factor receptor (PDGFR) and its ligands PDGFA and PDGFB, suggesting an autocrine or paracrine loop activation, (ii) activating mutations in ERBB2 (member of the EGFR family), and (iii) activating mutations in hepatocyte growth factor receptor (MET) [22, 26, 33, 34] . RTKs mediate its functions by downstream effectors, namely phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK) and signal transducer and activator of transcription (STAT) signaling cascades [34] . Although genetic alterations in RTKs may potentially activate these pathways, they can also be specifically activated due to other aberrations. Among them, the PI3K pathway is the most described in GBM and is involved in cell growth, proliferation, differentiation, motility and survival [26, 34] . The most frequent alterations involve inactivating mutations and homozygous deletions of PTEN [26] . This gene encodes the enzyme phosphatidylinositol (3,4,5)-trisphosphate 3-phosphatase, which removes a phosphate from phosphatidylinositol-(3,4,5)-triphosphate (PIP 3 ), converting it to phosphatidylinositol-(4,5)-bisphosphate (PIP 2 ) [22] . Thus, PTEN counteracts the action of the PI3K, which catalyzes the addition of a phosphate to PIP 2 at the 3 position, converting it to PIP 3 [22] . The accumulation of PIP 3 recruits Akt to the plasma membrane. Here, Akt is activated by phosphorylation, promoting cell survival and proliferation [22] . The PI3K enzymatic complex is formed by 2 subunits, one regulatory protein (p85α), encoded by PIK3R1, and one catalytic protein (p110α), encoded by PIK3CA [22] . Note that other variants of this complex exist, but the referred subunits are the most expressed in GBM and the most widely-studied. Activating missense mutations and in-frame deletions have been detected in the PIK3CA [26] . One deletion was identified in the adaptor binding domain, raising the hypothesis that it may disrupt the normal interaction between p110α and its regulatory subunit, p85α [26] . Interestingly, in a few percentage of samples without activating mutations in the catalytic subunit, inactivating mutations were detected in the regulatory subunit [26] . This suggests a functional redundancy of these mutations as they individually activate PI3K. Again, the amplification of AKT3 gene, which encodes one of the Akt proteins, was described recently in a small fraction of GBM samples [26] . Other known mutation that ultimately leads to activation of PI3K and MAPK is the activating mutation of RAS [26] . RAS is indirectly activated by RTKs through the dissociation of a GDP molecule and association to a GTP. However, in a normal condition, this activation is quickly reverted from RAS-GTP to RAS-GDP. This RAS mutation impedes the dissociation of GTP, remaining RAS constitutively active. Neurofibromin 1 (NF1), which negatively regulates RAS signaling, is also downregulated in GBM by NF1 mutations or deletions, resulting in increased RAS signaling. Moreover, loss of expression of NF1 without evidence of genomic alteration was also observed [26] . In addition to its critical effects in cell growth, motility, and survival, the PI3K pathway seems to be also important in the activation of HOX genes, which were recently described to be important for the malignant phenotype of GBMs [35] [36] [37] (see section 3.3 for details).
Crosstalk between RB, p53, and RTK pathways in GBM
The development of new platforms of genome-scale screenings has allowed a more robust identification of the accumulation of genetic and epigenetic alterations. The Cancer Genome Atlas (TCGA) project, for example, was established with the aim of using genomewide analysis technologies, which include DNA copy number, gene expression, DNA methylation, and nucleotide sequencing, to understand the molecular basis of cancer [26] . With this multiplatform profiling and using an integrative analysis, they identified a highly interconnected network of aberrations in GBM that include the pathways described above (RB, p53, RTKs and PI3K pathways) [26] . Interestingly, this integrative analysis showed a statistical tendency to mutual exclusivity for the specific alterations of components within each pathway. Nonetheless a great percentage of samples harbored aberrations in all signaling pathways [26] , which is in agreement with the hypothesis that these pathways are a core prerequisite for GBM disease.
Other key alterations in GBM
In addition to the most common genetic alterations found in GBM, several other aberrations have been described. For example, mutations in IDH1 and IDH2 genes, which encode the metabolic enzymes isocitrate dehydrogenases were described. These reports suggest that these mutations lead to a new pro-oncogenic activity of IDH1/2 with the production of R(-)-2-hydroxyglutarate, an onco-metabolite [38, 39] (see section 3.2 for details). Other classes of proteins extremely important in GBM are DNA repair proteins, as they increase the probability of mutations. In fact, at least one of the MMR genes (MLH1, MSH2, MSH6 or PMS2) is mutated in hypermutated GBM samples [26] , decreasing DNA repair competencies in these cells.
Molecular subclasses of GBM
Using an unsupervised hierarchical clustering analysis, Verhaak et al. [40] used TCGA data to successfully classify GBM into four subtypes -classical, mesenchymal, proneural and neural -improving and validating previous classifications of GBM [37, [41] [42] [43] [44] [45] [46] [47] .
The identity of the classical subtype was defined by displaying the most common genomic aberrations of GBM, with 93% of samples presenting amplifications in chromosome 7 paired with loss of chromosome 10, 95% showing high levels of EGFR amplification and/or expres-sion, and EGFR-vIII activating point mutations. These amplifications of EGFR co-occurred with focal homozygous deletions targeting CDKN2A, which in turn was almost mutually exclusive with other alterations in RB pathway components, such as RB1, CDK4 and CCDN2. However, this subtype does not present TP53 mutations. Additionally, the Notch (NOTCH3, JAG1, LFNG) and Sonic hedgehog (SMO, GAS1, GLI2) signaling pathways, as well as the neural precursor and stem cell marker NES, were highly expressed in this subtype [40] .
The mesenchymal subtype presents a focal hemizygous deletions of 17q11.2 region that contains the NF1 gene. In fact, this deletion was associated with lower expression of NF1 in most cases. However, NF1 was also found to be mutated predominantly in this subtype, and sometimes this mutation co-occurred with PTEN inactivating mutations. Moreover, TRADD, RELB and TNFRSF1A genes, belonging to the tumor necrosis factor (TNF) superfamily, and genes encoding proteins from the NF-ĸB pathways, are highly expressed. Additionally, mesenchymal markers, such as CHI3L1 and MET, were expressed [40] .
The most relevant features of the proneural subtype were high levels of PDGFRA gene expression in combination with its focal amplification, and point mutations in IDH1. Importantly, these aberrations seem to be mutually exclusive. Loss of heterozygosity and inactivating mutations of TP53 were frequent in this subtype. While less frequent than in classical GBM samples, half of proneural samples also manifested amplification in chromosome 7, paired with loss of chromosome 10. PIK3CA and PIK3R1 activating and inactivating mutations, respectively, were observed mostly in samples without PDGFRA aberrations. Oligodendrocytic development genes, such as PDGFRA, NKX2-2 and OLIG2, were highly expressed. Lower expression of CDKN1A was observed, probably due to OLIG2 overexpression, which was described to be able to downregulate CDKN1A. Additionally, this subtype also presents the expression of proneural developmental genes, such as SOX genes, as well as DCX, DLL3, ASCL1 and TCF4 [40] .
In what concerns the neural subtype, few characteristics were reported, and it was almost merely classified based on neuron markers expression, including neurofilament light chain polypeptide (NEFL), gamma-aminobutyric acid A receptor (GABRA1), synaptotagmin I (STY1), and solute carrier family 12 (SLC12A5) [40] .
Molecular prognostic factors of GBM
It is widely recognized that the molecular stratification of GBM patients may prove crucial in rationalizing treatment decisions, for which a set of molecular markers predictive of tumor response to specific therapies and/or patient outcome are required. The most well established prognostic factors in GBM patients include age, general performance status, tumor histological features and the extent of tumor resection [48] . Recently, several studies have identified biological and molecular features of GBMs that present prognostic value [37, 46, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] and may help in therapeutic decisions. The work performed so far presents reasons for both optimism and caution regarding the improvements in the diagnosis and treatment of patients, but also demand validation in prospectively followed and in uniformly treated patients. Therefore, the focus remains in the identification of biomarkers that truly foster patient distinction in ways that may improve therapeutic decisions. The current most relevant prognostic biomarkers for GBM are summarized in Table 1 , of which the most promising are briefly discussed below.
Molecular Prognostic Marker References
MGMT promoter methylation [52] IDH1 and IDH2 mutations [57] Loss of chromosome 10 [56] Activation of the PI3K/AKT pathway [50, 58] HOX genes signature [36, 37] HOXA9 overexpression [35, 36] CHI3L1 (YKL40) expression [53, 56] miRNA expression signatures [59] EGFR expression [37] EGFR mutation (EGFR-vIII) [51, 55] PTEN expression (wild-type) [55] Molecular signatures [40, 46] High expression of angiogenic genes [46] Stem-cell like gene expression signatures [37, 49, 54] Activation of MAPK members [58] PTEN and DLL3 expression [46] 
MGMT promoter methylation
Many studies have shown that the methylation status of MGMT (O 6 -methylguanine-DNA methyltransferase) gene is currently one of the most promising biomarkers of prognosis in GBM patients, although it has not yet reached broad clinical applicability [52, 60] . MGMT encodes a DNA-repair protein that removes alkyl groups from the O 6 position of guanine, an important site for DNA alkylation. When DNA is left unrepaired, the lesions induced by chemotherapy trigger apoptosis and cytotoxicity [61] . Hegi and co-workers [52] showed that the epigenetic silencing of MGMT by promoter methylation leads to the loss of MGMT expression and reduced DNA-repair activity, resulting in increased sensitivity of the tumor cells to temozolomide (TMZ) treatment. In fact, they reported that this increased sensitivity is translated into differences in patient survival, as the methylation of the MGMT promoter is associated with longer overall survival (OS) in patients with GBM. Indeed, patients whose MGMT promoter is methylated and are treated with TMZ have an increased OS (median of 21.7 months), as well as a higher 2-year survival rate (46%), in comparison to patients treated with TMZ but with unmethylated MGMT promoter (median survival of 12.7 months and 2-year survival of 13.8%), suggesting that GBM patients whose tumors present MGMT expression do not benefit from TMZ treatment [52] . These results suggest MGMT promoter methylation as an independent and favorable predictive factor to patients' response to TMZ therapy [52] . Despite these remarkable findings suggesting MGMT as a prognostic biomarker and as a specific predictor of response to TMZ-based chemotherapy, there is still a significant body of controversy surrounding them. Such controversy is mainly due to the heterogeneity of the patients enrolled in the study groups, as they present different glioma histologies, grades and treatment regimens, as well as the fact that different studies analyzed MGMT at different levels, including mRNA expression, methylation status and protein levels (as summarized in [62] ). In an attempt to replicate Hegi's findings, Costa and co-workers [62] analyzed a set of 90 GBM patients treated with postoperative TMZ-based chemoradiation regarding MGMT methylation. Despite a trend for longer overall and progression-free survival in GBM patients with MGMT promoter methylation, the differences did not reach statistical significance [62] . Moreover, sample classification as methylated or unmethylated for a certain gene is still controversial, as the relationship between the overall CpG island methylation, CpG methylation at individual sites, and their effects on gene silencing, is highly dependent on the location within the gene [63] . In this sense, Bady and co-workers [64] evaluated the relationship between the specific location of CpG methylation, MGMT expression and the outcome of patient in a population homogenously treated with alkylating agents. They reported two regions of methylated CpG's that present strong association with patient longer survival, which negatively correlate with MGMT gene expression [64] . This is consistent with MGMT expression silencing via CpG methylation, resulting in sensitization to alkylating agents [64] . Similarly, Shah and colleagues also identified three regions of methylated CpGs on MGMT, associated with favorable patient progression-free survival, within a population of 44 GBM patients treated with radiotherapy and concomitant and adjuvant TMZ [65] . Nonetheless, the value of MGMT methylation status is also supported by a recent clinical trial that compares radiotherapy and TMZ treatment in elder patients, and reported an association between MGMT methylation and good outcome in the TMZ cohort, but not in the radiotherapy cohort [66] . Similarly, a meta-analysis performed by Olson and co-workers [67] that included 2018 patients from 20 different studies, showed that the silencing of MGMT was highly associated with improved OS in patients receiving chemotherapy as a part of the adjuvant treatment, a mild association in patients that received adjuvant radiotherapy, and no benefit in those submitted to surgery alone.
IDH1 and IDH2 mutations
Other important prognostic factors for GBM have been revealed by recent genomic studies and concern the presence of mutations in isocitrate dehydrogenase 1 and 2 genes (IDH1 and IDH2; IDH when referring to both) [26, 57, 68] . These are NADP-dependent enzymes that catalyze the oxidative decarboxylation of isocitrate to α-ketoglutarate, with the simultaneous production of NADPH [69] . The high-throughput sequencing of GBM revealed that IDH1 mutations occur in 12% of GBM, are somatic and heterozygous, and a consequence of the change of a guanine to an adenine at position 395 of the IDH1 gene (G395A), leading to the replacement of an arginine with a histidine at amino acid residue 132 of the protein (R132H) [57] . Similarly, sequence evaluation of IDH2 exons revealed a mutation in a histidine at amino acid residue 172 (R172), which is the exact analogue of the R132 residue in IDH1 [68] . Overexpression of IDH1
R132H
reduces the formation of α-ketoglutarate and increases the levels of HIF-1α [70] . As stated above, a recent study suggested that mutant IDH1 reduces α-ketoglutarate to R(-)-2-hydroxyglutarate, while converting NADPH to NADP + [38, 39] . Even though the mechanism is yet to be clarified, it seems probable that the increased capacity to produce 2-hydroxyglutarate of cells presenting IDH1 R132H mutation contributes to tumorigenesis [38] . IDH mutations are highly frequent in secondary GBM (up to 80%), but are rare in primary GBM (less than 10%) [68, 71] . IDH mutations are correlated with younger age at diagnosis, and with GBM patients' longer survival when compared to patients with IDH wt genes [68, 72] . Mutations in IDH1 and IDH2 are mutually exclusive, which indicates that they might independently confer a growth advantage to mutated cells [73] . Moreover, IDH mutations generally associate with specific genetic and clinical characteristics when compared to gliomas that have IDH wt . In particular, it was shown that IDH mutations and amplification of EGFR in GBM are mutually exclusive events [74] , and that the methylation of the MGMT gene promoter is often associated with IDH mutations [74, 75] . However, this association is yet to be clarified as it may represent a direct consequence of the activity of the mutant IDH, or an alternative marker for epigenetic changes in tumors presenting IDH mutations (reviewed in [76] ). So, the deep understanding of the link between IDH mutations and common genetic events in GBM might furnish insights into their roles on gliomagenesis [40, 68] . Furthermore, a recent study evaluated the response of a series of 86 secondary GBM to TMZ treatment, and correlated several markers of GBM (including IDH mutations, 1p19q co-deletion, MGMT promoter methylation status, and TP53 expression) with progression-free survival and OS [77] . This study showed that IDH mutations were present in 73.4% of the analyzed patients, and that these mutations were associated with higher progression-free survival [77] . The authors also evaluated the response of patients presenting IDH mutations and MGMT promoter methylation, and found that patients presenting this combination had the best response to TMZ treatment, reporting also that IDH mutations seems to be a significant marker for positive chemosensitivity in secondary GBM [77] .
Molecular subclasses and prognostic value
Strikingly, as stated above, mutations in IDH1 have been included in a GBM signature that allowed the division of GBMs into subtypes according to their recurrent genomic alterations [40] (see section 2.6 for details). The importance in the division of GBM into subtypes lies on the possible application of different therapeutic approaches, as treatments efficacy differs per subtype [40] . Aggressive therapy significantly delayed mortality in classical and mesenchymal subtypes, and a tendency to longer outcome was observed for the neural subtype, yet patients whose GBM present proneural features, associated with younger age, do not seem to benefit from highly aggressive therapies although presenting longer survival [40] . In this sense, some of the genetic events underlying the different GBM subtypes could become part of the clinical routine to rationalize therapeutic decisions, and ultimately lead to more personalized therapies for groups of patients with GBM.
HOX genes signature
Recent evidences have been revealing a remarkable resemblance between tumorigenic and developmental processes, indicating the relevance of molecular regulatory mechanisms crucial on normal development and on the tumorigenic process. Homeobox (HB) genes encode transcription factors that primarily play a crucial role during normal development, and are divided into two classes: class I comprises clustered homeobox (HOX) genes, and class II includes non-HOX genes, which are dispersed through the genome, and mainly serve as cofactors for HOX proteins [78] . During embryonic development, HOX genes are sequentially expressed from 3' to 5' along the anterior-posterior axis contributing to the temporospatial development of limbs and organs [79] . The mechanisms underlying HOX genes control in normal development occur according to three main principles: spatial collinearity, posterior prevalence, and temporal collinearity [80] . These were found to be altered in cancer as a consequence of three major mechanisms proposed by Abate-Shen [81] : temporospatial deregulation, gene dominance and epigenetic regulation. Different groups have been reporting the deregulation of these mechanisms in different HOX genes, and in different tumors (reviewed in [80] ).
The aberrant expression of HOX genes have been reported as crucial in several hallmarks of cancer, including increased proliferation, angiogenesis and invasion, and apoptosis resistance in leukemia and in several solid tumors [80, [82] [83] [84] [85] . Interestingly, in recent years, HOX genes aberrant expression has been implicated in gliomagenesis. Abdel-Fattah and co-workers [86] evaluated the expression of all HOX genes in primary astrocytomas and in non-tumor brain specimens, reporting that some HOX genes are abnormally expressed in malignant astrocytomas. A subsequent report by Murat et al. [37] identified a HOX-dominated gene cluster, suggestive of a signature that displays srm cell-like self-renewal properties. These authors argue show that the expression of HOXA10 gene in GBM neurospheres is consistent with a role of HOX genes in glioma stem-like cell compartments [37] . Interestingly, the HOXdominated gene signature arises along malignant progression to GBM, and is an independent predictive factor of chemo-radiotherapy resistance in patients [37] . Later, Costa and coworkers [35] showed that HOXA genes are predominantly activated in GBM, as compared to lower-grade gliomas and normal brain tissue, suggesting they may be a useful component of a molecular classification of gliomas. By analyzing expression microarrays data from 100 GBMs, they identified tumors with abnormal chromosomal domains of transcriptional activation, which comprise the HOXA cluster, and is reversibly regulated by the PI3K pathway [35] . Of all HOXA genes, HOXA9 expression was predictive of worse GBM patient outcome, and associated with pro-proliferative and anti-apoptotic functions, which may explain the unfavorable prognosis of GBM patients with HOXA9 reactivation [35] . More recently, Gaspar et al. [36] , showed pediatric GBM cell lines that are resistant to TMZ present the coordinated expression of several HOX genes, of which HOXA9 and HOXA10 were highlighted as crucial effectors in this resistance [36] . In line with Costa et al. [35] report, Gaspar suggested that the HOX-enriched signature is regulated by the PI3K pathway, and interestingly, is associated with resistance to TMZ in pediatric GBM cell lines [36] . Moreover, pediatric patients with highgrade gliomas that express HOXA9 and HOXA10 presented shorter survival [36] .
CHI3L1 (YKL40) expression
The molecular prognostic biomarkers currently available require the evaluation of tumor tissue in order to assess gene expression and promoter methylation levels. Moreover, tumor progression and treatment responses are monitored using imaging techniques, which do not distinguish the effects of treatment and tumor regrowth. In fact, patients who are submitted to magnetic resonance imaging (MRI) shortly after radiotherapy show increased volume of the tumor, which in up to 50% of the cases, is a consequence of the increased blood vessel permeability due to radiotherapy, an effect called pseudoprogession [87] . As it is difficult to distinguish between the therapeutic effects and real growth of the tumor [88] , in addition to the impossibility of multiple tumor sampling during the course of the malignancy [89, 90] , demand the establishment of less invasive prognostic and predictive markers. Serum markers that correlate with tumor biological properties might prove crucial in providing prognostic information and response to treatment, therefore allowing the proper adjustment of therapeutics, and improve care of patients with GBM. A study conducted by Tanwar [91] analyzed gene expression microarray data of tumor tissue from glioma patients, and showed that chitinase 3-like 1 (CHI3L1 or YKL40) was the most highly expressed among 10000 genes, when comparing to normal brain tissue [91] . The function of YKL-40 in gliomas and other tumors is yet to be fully clarified; however, it is thought to be involved in increased cell proliferation, differentiation, angiogenesis, decreased apoptosis, and extracellular matrix remodeling [92] [93] [94] . Interestingly, YKL-40 is secreted both by tumor cells and by tumor-associated macrophages in the bloodstream, therefore allowing its quantification in the blood. YKL-40 was found to be increased in the serum of patients with several solid tumor types, as breast, colorectal, ovary, small cell lung cancer and GBM (reviewed in [93] ). Particularly in GBM, YKL-40 serum concentrations seem to be a strong predictor of an aggressive phenotype [53, 91] , as the increased expression of YKL-40 appears to be associated with glioma grade, resistance to radiotherapy, shorter time to progression, and worse patient OS [53, [95] [96] [97] . However, to establish YKL-40 serum levels as a prognostic marker, there is still the need to perform further prospective studies that concern repeated determinations of YKL-40 levels before and after surgery. As YKL-40 can be reproducibly measured in the serum, and this biomarker is already well established for routine use, its inclusion in the clinical practice should be relatively straightforward, and might provide crucial information on tumor progression.
In conclusion, the identification of molecular biomarkers that truly aid in the distinction of patients and therapeutic decisions still requires much effort. The integration of clinical and molecular data is becoming more frequent, and easier to perform and analyze, which will probably lead to more targeted and effective treatments. Moreover, it seems probable that sets of molecular biomarkers for GBM will be established in the next few years, and will become part of the clinical routine, leading to tailored therapies for subgroups of GBM patients. Importantly, the timely identification of patients who are not likely to respond to a certain therapy would allow their integration in clinical trials with novel therapies, but also to avoid the possible adverse side effects of a therapy that may not prove beneficial. Equally interesting, the establishment of molecular biomarkers of tumor therapy resistance may lead to a more guided and rational design of novel therapeutic agents and clinical trials for GBM patients. In the search for GBM patient individualized therapy, the discovery of particular tumor molecular features, as the status of MGMT promoter methylation status, the mutation status of IDH1 and IDH2, the expression of HOXA genes, and the serum levels of YKL-40, may prove crucial as initial building blocks of a panel of molecular biomarkers that may have real clinical implications. The challenge ahead is to discover further molecular markers of GBM, but also to integrate all the knowledge in an interdisciplinary way, considering different GBM subtypes, which altogether might allow a more rational and efficient fight against GBM.
New molecular targets and treatments
As described throughout this chapter, the molecular and cellular heterogeneity of GBM represents a major therapeutic challenge, but also offers a large number of opportunities to specific targeting of tumor cells' alterations. Furthermore, the unsatisfactory prognosis of GBM patients, independently of the used treatment approaches, and the absence of a cure or significant advances in the treatment of GBM, are the major drivers of GBM therapeutics research.
Classic therapeutics
The current standard therapy for the treatment of GBM includes maximal surgical resection, followed by radiotherapy (RT) with concomitant and adjuvant administration of alkylating agents [98] . Administration of RT is usually given after the surgical removal of the tumor in order to eliminate residual tumor cells [99] . Alkylating agents act by introducing methyl groups in different positions in the DNA, resulting in DNA damage and specific cytotoxicity, that ultimately leads to apoptosis and cell death [100] . Before 1999, only nitrosourea-based chemotherapeutics were approved for the treatment of GBM, which includes oral lomustine (CCNU) and intravenous carmustine (BCNU) [101] . In 1999, FDA approved Gliadel® that consists in a polymeric biodegradable wafer that is able to release carmustine during 2-3 weeks after implantation in the gap where the tumor was removed during surgery [101] [102] [103] . Furthermore, in this same year, FDA granted accelerated approval to the imidazole derivative of the second-generation class of alkylating agents, TMZ, mainly because of its efficient absorption after oral administration and its ability to easily cross the blood-brain barrier [101, 104] . TMZ was regularly approved by the FDA in 2005, and became the standard chemotherapeutic agent for the treatment of GBM [5] . The approval of TMZ was mainly due to the improvement in the OS of patients observed in a landmark study by Stupp et al. [5] . This clinical trial involving 573 patients with newly diagnosed GBM showed an increase in OS from 12.1 months to 14.6 months when patients were treated with RT plus TMZ comparing with RT alone [5] . In 2009, the 5-years retrospective analysis from this phase III clinical trial reported that, in addition to the improvement in OS, the 5-year survival rate was also higher in the group of patients treated with RT and TMZ, showing again the benefits of this treatment [105] . Nevertheless, some molecular mechanisms of resistance to this agent were identified, like the methylation status of the MGMT gene, which encodes a protein that repairs the damage induced by TMZ, and alkylating agents in general, resulting in chemoresistance [106] .
Besides TMZ, bevacizumab (BVZ, also known as Avastin®) was also conceded accelerated approval by the FDA in 2009 as monotherapy for patients with progressive GBM that did not respond to standard care (TMZ + RT) [101, 107] . This drug is a monoclonal antibody that targets VEGF, which is involved in the formation of new blood vessels [99] . Since GBM are highly vascularized tumors, this drug presented an attractive way to target tumor-associated increased angiogenesis [108] . When BVZ was combined with TMZ + RT for the treatment of newly diagnosed GBM patients in a phase II clinical trial, an improvement in OS (19.6 vs. 14.6 months) and progression-free survival (PFS, 13.6 vs. 6.9 months) was reported, when compared to the control cohort of the European Organization for Research and Treatment of Cancer-National Cancer Institute of Canada (EORTC/NCIC), in which patients were treated only with RT and TMZ [109] . BVZ also showed good radiographic responses in patients with recurrent GBM (71% and 35%, according to Levin and Macdonald criteria, respectively) when used first as a single agent, and later combined with irinotecan (topoisomerase I inhibitor) in a phase II clinical trial [110] . Although some exciting clinical results were described, several in vitro and in vivo studies have been unmasking unpredictable consequences of BVZ treatment. The treatment of intracranial xenograft mouse models of GBM with this VEGF inhibitor showed a decrease in the vascular network and contrast enhancement in MRI, but also a 68% increase in the infiltration of tumor cells trough the brain parenchyma [111, 112] . Furthermore, BVZ treatment increased the hypoxic microenvironment which is also implicated in increased invasion ability of tumor cells [24, 112] .
Novel molecular targeted therapeutics
Conceptually, the development of targeted therapies for the treatment of GBM represents a significant advance in the search for a cure for this devastating disease. First, the specificity of these therapies has the potential to reduce toxic side effects. Second, the direct blockade of altered oncogenic signaling cascades may allow the reduction of tumor cell proliferation [113] . This next part will review some of the most promising therapeutic molecular and targeting strategies, including membrane proteins and growth factor receptors (e.g. RTK), and intracellular signaling pathways.
Therapeutic targeting of membrane protein/growth factor receptors
RTKs represent attractive targets for this therapeutic approach, since they are associated with GBM oncogenesis, and the binding of growth factors to these receptors activate signaling pathways that drive GBM cells survival and proliferation [113, 114] (see section 2.3 for information). There are two kinds of inhibitors for RTKs: (i) inhibitors targeting the intracellular tyrosine kinase domain (TKD), and (ii) monoclonal antibodies that can block RTK activation or target the RTK-expressing cells [115] .
a. EGFR
As stated above, EGFR amplification, overexpression and mutation are frequent events in GBM cells and increased EGFR signaling is known to increase tumor proliferation, invasion ability, angiogenesis and blocking apoptosis [22, 116] . Several small molecule inhibitors targeting EGFR have been developed and approved for the treatment of particular cancers, as erlotinib and gefitinib in the treatment of advanced metastatic non-small cell lung cancer [24, 117] . This RTK can be targeted with a large number of inhibitors, like lapatinib (EGFR2, ErbB2), vandetanib (EGFR, VEGFR-2), PF-00299804 (EGFR, ERBB2 and ERBB4), BIBW2992 (EGFR, ERBB2, ERBB4), AEE 788 (EGFR, ERBB2, VEGFR), and monoclonal antibodies, as cetuximab (EGFR) and nimotuzumab (EGFR) [98, 116] ; however, this section focus on the most reviewed and clinically tested drugs for the treatment of GBM (erlotinib, gefitinib and cetuximab). Erlotinib and gefitinib although, extensively tested in clinical trials for GBM patients (either already completed or currently ongoing), have not shown a significant benefit, and thus failed to reach clinical applicability (Table 2 ) [118] . The chimerical monoclonal antibody cetuximab (Erbitux) can also inhibit EGFR, and was shown to inhibit the mutant EGFR-vIII in glioma cells [119, 120] . Furthermore, preclinical studies using GBM xenograft models suggest that cetuximab could be effective for the treatment of invasive GBM [121] . The clinical evaluation of the administration of cetuximab in phase II trials for recurrent GBM patients has shown mixed results. The combination of cetuximab with BVZ and irinotecan resulted in 5% complete responses (CR), 21% partial responses (PR) and 40% of the patients with stable disease (SD), with only 9% of the GBM patients presenting signs of progressive disease (PD); the 6 months progression-free survival (6-PFS) of 33% obtained in this trial was also surprising [108] . In another phase II clinical trial for recurrent GBM patients, treatment with cetuximab showed worse outcomes, with a median time-to-progression (TTP) of only 1.9 months, and only 7.3% of the patients being progression free at 6 months after treatment [122] .
Most of the EGFR amplified GBMs also present expression of the mutant EGFR-vIII [116] . Since this mutated form of EGFR is absent in normal tissues, an immunotherapy-based approach to target EGFR-vIII was developed and is now under clinical trials (phase I, II and III) [118, 123] . This vaccine, called rindopepimut (CDX-110, PEPvIII) consists in a 14 aminoacids peptide that specifically recognizes EGFR-vIII, combined with an immunoadjuvant (keyhole limpet hemocyanin), that will potentiate an immune response against EGFR-vIII-positive tumor cells [124] . The clinical applicability of this vaccine was already tested in different clinical trials showing the benefits of this strategy (Table 2) . Newly diagnosed GBM EGFR-vIII positive had a significant improvement in OS from 15.2 months (treated with TMZ + RT) to 23.2 months (CDX-110 + granulocyte macrophage-colony stimulating factor, GM-CSF, and TMZ, after RT), consistent with the benefit of this vaccine alone in other studies (OS 26 months vs. 15 months) [124, 125] .
b. PDGFR
As referred previously, PDGFR is also frequently overexpressed in GBM [114] . As described for other RTK, PDGFR can also be blocked with different pharmacological inhibitors, such as imatinib mesylate (PDGFR, c-KIT, BCR-ABL), sunitinib (PDGFR, VEGFR, c-KIT), sorafenib (PDGFR, VEGFR, RAF), tandutinib (PDGFR, FLT3, c-KIT), vatalanib (PDGFR, VEGFR, c-KIT), IMC3G3 (PDGRFα), pazopanib (PDGFR, c-KIT, EGFR) or dasatinib (PDGFRβ, Src, BCR/Abl, c-KIT, ephrin A2) [98, 116] . However, this part will focus on the best characterized PDGFR inhibitor, imatinib mesylate (Gleevec or Livec), already evaluated in phase I/II clinical trials with GBM patients, which was originally FDA approved for the treatment of acute myeloid leukemia [106, 126] . In vitro treatments of GBM cells with imatinib have already shown inhibitory effects on cell proliferation, as a result of cell cycle arrest, increase apoptotic population and decreased clonogenic ability [127] . Its administration in mice models of GBM also showed an improvement in survival [128] . In clinical studies, imatinib mesylate was usually combined with hydroxyurea (HU), a ribonucleotide reductase inhibitor that blocks DNA synthesis [126, 129] . Treatment of recurrent GBM in phase II clinical trials was mostly disappointing, with 6-months PFS (6-PFS) of only 3% and 16% [130, 131] . Combination with HU, although showing a mild increase in OS and 6-PFS rates, again showed a lack of efficacy as compared to RT + TMZ [126] . The best result using imatinib was achieved in a phase I clinical trial for recurrent malignant glioma (MG), where imatinib was combined with HU and vatalanib (VEGFR inhibitor), with 24% of GBM patients revealing a radiographic partial response, 49% showing signals of stable disease, however 27% of the patients had progressive disease [132] (Table 2 ).
c. VEGFR
The therapeutic targeting of GBM-associated angiogenesis is already an approved strategy through VEGF inhibition with BVZ, but can also be achieved through inhibition of VEGF receptors using specific inhibitors, like cediranib, sorafenib, sunitinib, pazopanib, vandetanib, CT-332 (all VEGFR), XL-184 (VEGFR2, Met, RET, c-KIT, Flt3, Tie-2), semaxanib or AEE 788 [98, 116, 133] . For instance, cediranib (AZD2171) inhibits all VEGFR subtypes and was explored in phase I, II and III clinical trials [116] . The outcomes of cediranib (AZD2171) treatment in GBM patients are described as similar to the ones observed for BVZ, although only one of the completed trials has published results (Table 2) [116] . As reported for BVZ, also cediranib was associated with infiltrative cells not visible with contrast-enhanced MRI [112, 134] . In orthotopic mouse models of GBM, this VEGFR inhibitor induced alterations in the permeability and diameter of blood vessels, alleviating edema and increasing the survival of the mice [135] .
d. Met
Met is an RTK for hepatocyte growth factor (HGF) that activates a series of signaling pathways, as referred above in section 2.3, similar to what is observed for EGFR or PDGFR activation, Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implicationswhich ultimately leads to proliferative and invasive behaviors of cancer cells [106, 136] . In a series of 62 GBM patient samples, Met was found to be overexpressed and associated with poor prognosis, and with an invasive phenotype, supported by invasive multifoci lesions and expression of metalloproteinases 2 and 9 [137] . Inhibitors targeting Met include tivantinib, and cabozantinib (XL184) a potent inhibitor of several kinases, cabozantinib (XL184), which hase shown significant inhibitory effect on GBM tumor growth [138] . Furthermore, three phase I and II clinical trials for the evaluation of cabozantinib on the treatment of newly diagnosed GBM (monotherapy or combined with RT + TMZ) and recurrent GBM (monotherapy) (NCT00960492, NCT00704288 and NCT01068782) are now ongoing [118] . Another therapeutic approach to target HGF/Met axis is the use of the monoclonal antibody against HGF, rilotumumab (AMG-102), which was already tested during a phase II [116] clinical trial for recurrent GBM (Table 2) ; a second phase II trial to test the combination of rilotumumab with Avastin in patients with recurrent MG is now recruiting patients (NCT01113398) [118] .
e. Integrins
Therapeutic targeting of the cell adhesion receptors integrins, which are transmembrane glycoproteins that attach cells to extracellular matrix proteins of the basement membrane or to ligands on other cells, have also proved to be a valuable therapeutic strategy for the treatment of GBM, with several recent clinical trials testing the success of the integrin inhibitor cilengetide (EMD 121974) as a monotherapy or in combination with RT + TMZ ( Table 2 ) [139] . Cilengitide is an RGD (Asp-Gly-Asp) synthetic peptide that inhibits integrins αVβ3 and αVβ5 by receptor binding competition [139] . In vitro studies have shown an anti-angiogenic effect of this inhibitor by inhibiting proliferation and differentiation of endothelial progenitor cells, without affecting apoptosis [140] . In GBM cells, cilengitide exerted only a moderate loss of viability and was unable to sensitize GBM cells to radiotherapy and TMZ treatment [141] . Clinical studies with this drug have shown limited toxicity, but also reduced beneficial effect, when administered in newly diagnosed patients of GBM with RT+ TMZ (Table 2 ).
Therapeutic targeting of intracellular signaling pathways
a. PI3K/AKT/mTOR pathway As already mentioned the PI3K/Akt/mTOR pathway represents one of the most altered pathways in cancer, including GBM [113, 116] . Several inhibitors targeting different elements of this pathway are available and being tested both pre-clinically and at the clinical level. Enzastaurin is a specific inhibitor of protein kinase C (PKC) proteins, thus indirectly inhibiting Akt [104, 113, 142] . In preclinical studies, this inhibitor was able to suppress proliferation of GBM cells and tumor growth in GBM xenograft mice models [143] . In clinical studies, especially for recurrent GBM patients this drug failed to improve patient outcome, with PFS, OS and 6-PFS inferior to that of patients treated with lomustine in phase III clinical trials (Table  2 ) [144] . Inhibition of Akt can also be achieved using perifosine (KRX-0401), which affects the interaction of PIP 3 with the PH domain of Akt [24] . When this drug was compared to mTOR inhibition in in vivo models with differential expression of PTEN, the treatment with perifosine did not alter tumor volume; on the other hand, treatment with mTOR inhibitor resulted in decrease tumor volume [145] . Furthermore, only a clinical trial phase II for patients with recurrent MG is under evaluation and no results are available until now (NCT00590954) [118] . A HIV type I (HIV-1) protease inhibitor called nelfinavir with applications in HIV infections is also able to downregulate Akt, and was proposed as an Akt inhibitor [146, 147] . Preclinical studies showed that treating GBM cells and xenograft mouse models with nelfinavir is able to sensitize tumor cells to RT and TMZ treatment [148] . Furthermore, this protease inhibitor decreases VEGF levels and angiogenesis, as well as HIF-1 expression levels and can cause endoplasmic reticulum stress and autophagy [146, 149] . Three phase I clinical trials to assess the toxicity of this treatment combined with RT + TMZ in newly diagnosed GBM are currently recruiting patients or active and ongoing (NCT01020292, NCT00694837, NCT00915694) [118] .
Several inhibitors of PI3K are also available, but the clinical evaluation of their efficacy is still very preliminary [150] . The class of pan-PI3K inhibitors (inhibit the catalytic p110 subunit) include LY294002, ZSTK474, and wortmannin. Derivatives of LY294002 and wortmannin, include SF1126 (LY294002 conjugated with an RGD peptide), PWT-458 and PX-866 (the first is a PEGylated derivate of wortmannin and the second is a wortmannin analog) [150] . From this group of specific PI3K inhibitors, only evaluation of PX-866 is proposed in a phase II clinical trial for the treatment of recurrent GBM patients, and is currently recruiting patients (NCT01259869) ( Table 2 ) [118] . XL147 and GDC-0941 are also class I PI3K inhibitors, and IC877114 (targets p110δ) and TG100-115 (targets p110δ and p110γ) are PI3K isoform-specific inhibitors [150] . In turn, LY294002 was able to potentiate the citotoxicity of TMZ in glioma cells [151, 152] . Besides these agents that only target PI3K there are several dual PI3K/mTOR inhibitors, as PI-103, PI-540, PI-620, XL765, BEZ235 and BGT226 [150] . XL765 and XL147 were already tested in a phase I clinical trial with recurrent GBM patients ( Table 2) . Some preclinical studies support the theory of targeting these pathways in GBM therapeutics. Combination of LY294002 with the mTOR inhibitor rapamycin (or sirolimus) was able to diminish the self-renewal capacity of GBM cells and induce differentiation of cancer stem cell like cells (CSC); the same effect was achieved using a dual PI3K/mTOR inhibitor, NVP-BEZ235, which additionally reduced the ability of GBM CSLC to form tumors in vivo [153] .
For specific targeting of mTOR, several inhibitors were developed and tested clinically, like sirolimus (rapamycin), everolimus (RAD001) and temsirolimus (CCI-779) [106, 133] . All of these agents were already evaluated for the treatment of GBM in phase I and II clinical trials, but no significant improvements were seen (Table 2) . A preclinical study showed that the outcome of mTOR inhibitory treatments could be efficiently monitored by Positron Emission Tomography (PET) based only in glucose and thymidine metabolism, through the uptake of [ [154] . Furthermore, combination with other kinase inhibitors like AEE788 (inhibits both EGFR and VEGFR2) also showed some preclinical promising results, since its combination with everolimus (RAD001) resulted in increased effect on cell cycle arrest, proliferation and apoptosis, and impact tumor growth and survival in vivo [155] . This combination was tested in a phase I/II trial in 2006 for the treatment of recurrent GBM (NCT00107237) [118] . One liability of these therapies is that they only target mTORC1, and although this is the best characterized mTOR isoform, it is also known that full activation of PI3K/AKT pathway also requires mTORC2 [156] . Consequently, it is argued that dual inhibition of mTOR complexes 1 and 2 will be more effi-cient [156] . Preclinical studies have shown a significant decrease in tumor volume and growth in xenograft mouse models of GBM treated with PI3K/mTOR inhibitor AZD8055 [157] . Furthermore, there are three phase I clinical trials recruiting patients with MG (drug/trial reference: AZD8055/NCT01316809; CC-223/NCT01177397; OSI-027/ NCT00698243) to test this possibility [118] .
b. RAS/RAF/MEK/ERK/MAPK pathway
Another important pathway contributing to the neoplastic process is the one mediated by RAS/RAF/MEK/MAPK [106] . Inhibitors targeting members of this pathway include the farnesil transferase inhibitors of RAS, such as tipifarnib (Zanestra or R115777) and lonafarnib (Sarasar or SCH 66336) or multiple kinases inhibitors that target this pathway, like sorafenib [98, 116] . Some of the more significant clinical results of tipifarnib are summarized in Table 2 . A phase I clinical trial to test the effectiveness of combining tipifarnib with TMZ and RT for newly diagnosed GBM or gliosarcoma is now ongoing (NCT00049387) [118] . Sorafenib is described as an inhibitor of EGFR, PDGFR and RAF, that can block MEK activation and, in preclinical studies, was able to induce apoptosis, and decreased proliferation of GBM cells [98, 158] . At the clinical level, it has been extensively studied in 12 clinical trials with completed, ongoing or recruiting status [118] ; however, the results have still been somewhat different, with good results for newly diagnosed GBM and recurrent GBM, but when combined with BVZ for the treatment of recurrent GBM, it failed to improve survival, showing a high percentage of patients with progressive disease (Table 2 ) [118] .
c. Histone deacetylases (HDACs)
Epigenetic events are crucial during the carcinogenic process, in which the chromatin state and remodeling are important mediators. Histone deacetylases (HDAC) are responsible for chromatin condensation and repression of transcription [159, 160] . Mechanistically they catalyze the elimination of acetyl groups from lysine residues in N-terminal tails of histone proteins [161] . The use of specific HDAC inhibitors has been described as an attractive opportunity to alter cancer-related epigenetic modifications [159] . These inhibitors are also reported as being able to block angiogenesis and invasion, promote cell cycle arrest and apoptosis, and to act as immunomodulators [116, 159, 160] . Valproic acid (VPA) is a short chain fatty acid, class I and IIa HDAC inhibitor, used as an anticonvulsant drug and frequently administered to treat glioma-associated seizures [159, 162, 163] . So, when the results of the EORTC/NCIC TMZ trial were analyzed taking in consideration the anti-epileptic drugs used, an interesting result showing a benefit in OS of the patients treated with TMZ + RT that were under VPA treatment was observed, suggesting that this drug could enhance the effects of TMZ + RT treatment [162] . VPA in combination with TMZ in vitro showed an increase in TMZ cytotoxicity, even for TMZ resistant cell lines, through downregulation of MGMT [164] [165] [166] ; in vivo, this combination had also a benefit in tumor growth inhibition [164] ; and increased the effects of γ-radiation in glioma cells [165] . Clinically, the evaluation of VPA for the treatment of GBM is proposed in two clinical trials: a phase II trial to evaluate the efficacy of VPA + RT fol-lowed by combination of VPA + BVZ for the treatment of children with high-grade gliomas (HGG) (NCT00879437) and a phase II trial to test the combination of VPA with TMZ and RT in adult HGG (NCT00302159) [118] . Vorinostat is also an inhibitor of class I and II HDACs, tested in several clinical trials now recruiting patients (NCT01378481, NCT01266031, NCT00731731, NCT01110876, NCT00555399) [118, 163] . The results of some of the already completed clinical trials for HDAC inhibitors as GBM therapeutics are in some way disappointing, with no radiographic responses observed when recurrent GBM patients treated with romidepsin and vorinostat failing to improve survival outcomes in different combinatory strategies (Table 2) and VEGFR2 expression presented a worst prognosis.
Recruiting or ongoing clinical trials combining erlotinib with isotretinoin, sirolimus and vorinostat, and also single agent administration for patients harboring the EGFR-vIII mutation (NCT01110876, NCT01103375, NCT01257594, NCT00509431).
Nonprogressive GBM: as single agent, 1-year PFS was only 9% and less than 53% of 2 months, and less than 57% of the patients were alive after 1 year.
[ Recruiting for a phase I trial for combination with TMZ to treat MG (NCT00704080).
[ 118] Mechanisms of Aggressiveness Recurrent GBM: it was well tolerated as a single agent, and 36% radiographic responses were observed; 6-PFS was 7.8%, and OS was 4.4 months (phase II). [189, 190] Sirolimus; Recurrent GBM: treatment well tolerated, but 6-PFS (11.9%) and PFS (8 weeks) very poor, although one GBM patient remained progression-free for 36 months. [192] [193] [194] [195] Sorafenib; RAF, VEGFR,
PDGFR
Phase I, and II clinical trials Newly diagnosed GBM: combination of TMZ and sorafenib after RT + TMZ showed 13% PR, 53% SD, and 28% PD. OS was 12 months, 1-year PFS was 16%, and PFS was 6 months (phase II); also tested in combination with erlotinib/tipifarnib/temsirolimus (NCT00335764).
Recurrent GBM: combination with TMZ resulted in OS of 41.5 weeks, 1-year OS of 34.4%, PFS of 6.4 weeks (6-PFS: 9.4%); 3% of the patients had PR, 4.7% SD, and 50% PD (phase II);
combination with BVZ was also tested (NCT00621686). [118, 196, 197] Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implications Recurrent GBM: as a single agent no complete responses were observed, but median OS was at least 6.5-9.9 months. [118, [198] [199] [200] Vorinostat; 
HDAC

Novel therapeutic approaches
As stated above, a small population of cells within the tumor, called cancer stem-cells, presents self-renewal capacity, ability to differentiate and initiate tumorigenesis, and express several markers of neural stem cells [24, 33, 116] . Furthermore, these cells are increasingly recognized as a niche of radiochemotherapy-resistant cells, making then attractive targets for new therapies [24, 49, 204] . There are several signaling pathways altered in cancer stem cells and that represent possible targets, such as PI3K, OLIG2, Shh, Wnt and Notch signaling pathways [24, 116] .
Another novel therapeutic strategy to treat cancer-related diseases is gene therapy (GT). GT was proposed for a long time as a molecular strategy that may help circumvent the non-specific cytotoxicity of the current pharmacological inhibitors, through specific delivery of suicide, pro-apoptotic, TP53, and other genes to tumor cells that, ultimately, lead to cancer regression or cure [106, 205] . GT can be performed delivering conditional or toxic transgenes using viral or non-viral delivery systems, including exosomes and stem cells [205, 206] . In GBM, the delivery of the thymidine kinase (TK) gene, produced by the herpes simplex virus type 1 (HSV1), in combination with the prodrug ganciclovir (GCV), using both retrovirus and adenovirus, was already tested at clinical level. The advantage of using retroviruses to deliver viral vectors is the specificity, since they target only highly proliferating cells. On the other hand, adenoviruses infect both quiescent cells and rapidly dividing cells [207] . A retroviralmediated delivery was already applied to newly diagnosed GBM patients until phase III clinical trial, but it was rejected after failing to improve survival compared to RT + TMZ [208] . Another promising strategy is the combination of viral vectors with factors that stimulate the immune system, as, for example, the delivery of the suicide gene HSV1 TK gene, with the cytokine IL-2. This strategy was already tested in 12 patients with recurrent GBM, where it was proved to be safe and well tolerable [209] . However, in terms of outcome, there were no patients with complete response and the PFS and OS were only 4.5 and 7.5 months, respectively [209] .
The induction of an immune response against tumor cells, called immunotherapy, is also a novel approach for the treatment of cancer, including GBM [210] . Immunotherapy can be performed with two different approaches: increasing the immune response to the tumor (active immunotherapy) with long term immunization, or delivering immune effectors to an immediate immune response (passive immunotherapy) [106] . Potent anti-tumor immunity is achieved through antigen-presenting cells, of which dendritic cells (DC) are the most promising [210, 211] . In a phase I clinical trial with 12 GBM patients (7 newly diagnosed GBM and 5 recurrent GBM) the administration of autologous DC vaccines showed that this treatment was well tolerated and minimally toxic. Additionally, it revealed promising outcome results, such as 2 long term-survivors (≥4 years) and OS of 23.4 months; however, the benefit in clinical outcomes were mainly observed in patients with stable disease and low levels of TGF-β2, who also had a higher number of infiltrating cytotoxic T-cells in the tumor bulk, suggesting that this treatment may favor particularly these patients [212] . In another phase I/II clinical trial with patients with recurrent GBM, it was found more beneficial the treatment with mature DC vs. non-mature DC, as well as intradermal and intratumoral administration of the DC pulsed with autologous tumor lysate, compared to intradermal approach alone [213] . The transfer of ex vivo maturated immune cells like effector T cells or lymphokine activated killer cells (LAK) is also under clinical evaluation for GBM immunotherapy [214] .
Current challenges and future trends
As illustrated by the vast panoply of drugs and therapeutic strategies under investigation for the treatment of GBM, there is a major effort to develop more effective therapies to treat this highly malignant and therapy-insensitive disease. Unfortunately, the success of these new therapies has mostly been somewhat disappointing. Nevertheless, the efficacy of some of these approaches has yet to be determined. Of note, in addition to the strategies reviewed here, therapies targeting apoptotic elements (like Bcl-2, and inhibitor of apoptosis proteins), the mechanisms of resistance to TMZ (such as PARP and MGMT), or gene therapy to TP53, are also some examples of the search for an effective therapy for GBM [33] . Additionally, several developments were also made in helping surgeons with fluorescence-guided resection of the tumor and in radiotherapy [116] . In conclusion, the relevance of the effort to find a cure for GBM is unquestionable. However, despite the hard working search for a therapeutic strategy to reverse the poor outcomes of these patients, the standard treatment with TMZ and RT remains presently the best option. Future therapeutic trends for the treatment of GBM will have to: (i) include the new molecular classification of GBM; (ii) incorporate more efficient drug delivery systems to overcome blood-brain barrier restraints; and (iii) redirect the therapeutic choices to each patient, considering the specific molecular alterations of each tumor.
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